[1] This study found that the spring (February -April) rainfall in northern Taiwan has fluctuated concurrently with the Pacific Decadal Oscillation (PDO) since the early 20th century. It is proposed that this fluctuation in spring rain is induced by the tropical sea surface temperature (SST) anomaly embedded in the PDO, which has been known to oscillate in opposite phase to the SST in the extra-tropical North Pacific. When the PDO index is positive (negative), the SST over the tropical Central-Eastern Pacific is warmer (colder) than normal, and a low-level anti-cyclonic (cyclonic) anomalous flow is induced over the Philippine Sea. This anomalous anti-cyclonic (cyclonic) flow results in southwesterly (northeasterly) anomalous winds to the east of Taiwan and enhances (reduces) the trough extending southwestward from southern Japan to northern Taiwan. As a consequence, more (less) spring rain occurs in northern Taiwan during the positive (negative) PDO phases.
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Introduction
[2] The Pacific Decadal Oscillation (PDO) is a phenomenon characterized by sea surface temperature (SST) oscillation in the extra-tropical North Pacific [e.g., Mantua et al., 1997] . It exhibits a spatial pattern similar to that of the El Niño/La Niña, e.g., anomalies of opposite signs in the extratropical North Pacific and the equatorial Eastern Pacific, except that the PDO amplitude in the extra-tropics is larger than that in the tropics [e.g., Zhang et al., 1997] . In addition, the PDO exhibits decadal time scales, compared to the interannual time scale of the El Niño/La Niña. It was reported that the PDO changed polarity in 1925, 1947, 1977 , and possibly in the late 1990s during the 20th century [Miller et al., 1994; Mantua et al., 1997; Bond et al., 2003] . The exact mechanism for the PDO is not fully understood, although several theories have been proposed [e.g., Latif and Barnett, 1994; Deser et al., 1996; Zhang et al., 1998; Qiu, 2003] .
[3] Taiwan is a subtropical island located to the southeast of China. Its annual rainfall cycle is largely influenced by the East Asian monsoon. The spring rain that occurs in the February -April period (hereafter referred to as FMA) provides an important water resource for agricultural irrigation in northern Taiwan before the Meiyu in May and June (Figure 1a) . The spring rain is significant only in northern Taiwan. The FMA season is dry in central and southern Taiwan. The frontal systems that bring spring rainfall to northern Taiwan are more active in a large-scale cyclonic environment that is often characterized by an enhanced anti-cyclonic circulation in the Philippine Sea. A weakening of this large-scale cyclonic/anti-cyclonic circulation often leads to less frontal activity and therefore less spring rainfall in northern Taiwan [Jiang et al., 2003] .
[4] Using the average rainfall data for the entire Taiwan island, Lu and May [2003] showed that after 1930 the spring rain in Taiwan fluctuated coherently with the PDO. However, the reason for this linkage remains unknown. This study found that only the spring rainfall in northern Taiwan fluctuated concurrently with the PDO, modulated by the trough activity described above. The corresponding circulation and SST anomalies are examined to explore the possible PDO effect on Taiwan's spring rainfall. A possible mechanism is proposed.
Data
[5] Several independent datasets were used in this study. The monthly PDO index derived from the leading principal component of the North Pacific monthly SST (poleward of 20°N) was provided by N. Mantua from the website (http:// jisao.washington.edu/pdo). The rainfall data at four Taiwanese stations (Taipei, Tamsui, An-bu, Peng-Chia Island in Figure 1b ), and one Japanese station (Ishigakijima Island in Figure 1b ) were used in this study.
[6] The monthly GISST 2.3b (Global Sea Ice and Sea Surface Temperature) [Rayner et al., 1996 ] was used to demonstrate the spatial pattern of the PDO. The sea level pressure (SLP) from the Comprehensive Ocean-Atmosphere Data Set (COADS) provided by the NOAA-CIRES Climate Diagnostics Center was used to illustrate the corresponding circulation pattern. Several variables from the European Centre for Medium-Range Weather Forecast Re-Analysis 40 (ERA40) were also analyzed for the recent PDO phase changes occurring in late 1970s.
Decadal Oscillation in Spring Rainfall and Its Association With the PDO
[7] The rainfall annual cycle in northern Taiwan can be divided into several periods: a winter dry season, spring rain, Meiyu and summer rain season. The Taipei annual GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L22206, doi:10.1029 /2004GL021344, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL021344$05.00 rainfall cycle is shown in Figure 1a . The year-to-year variation in the FMA rainfall in Taipei exhibits a decadal oscillation, which can be seen clearly in the 21-year running means (Figure 2a) . A similar oscillation can also be observed in other four stations (Figure 2b) . A comparison to the PDO index indicates that the decadal oscillation described above fluctuated concurrently with the PDO index. The correlation coefficients between the 21-year running means of the FMA PDO index and that of the FMA rainfalls at the five stations for the available periods were 0.86, 0.93, 0.93, 0.78 and 0.65 for Taipei, An-bu, Tamsui, Peng-Chia Island and Ishigakijima Island, respectively.
[8] Since the decadal oscillation in the spring rainfall in northern Taiwan changed signs almost simultaneously with the PDO, the three PDO phase-changing years (i.e., 1925, 1947, and 1977) were used as reference years to investigate the shifts in SST and SLP before and after these turning points. The 21-year means before and after the turning years were calculated and the differences between them were computed. The 21-year length was selected, because a positive or negative phase in the PDO usually persists for 20 to 30 years.
[9] Figure 3a shows the after-minus-before (1978 -97 minus 1958 -77) [10] The corresponding decadal SLP changes were calculated in the same manner. The after-minus-before SLP, derived from ERA40, showed that for the change in the PDO at 1977 the SLP in the Philippine Sea were higher following the change than they were prior to that (Figure 4a) . In a region that extends southwest from southern Japan to northern Taiwan, the SLP was lower following the 1977 change. In addition, the SLP became lower in the extra-tropical North Pacific north of 30°N and the tropical Southeastern Pacific after the change of the PDO at 1977. The 925 hPa wind field from ERA40 exhibits a similar circulation pattern (Figure 4b ): an enhanced trough and anti-cyclone over northern Taiwan and the Philippine Sea, respectively. The corresponding feature is enhancement of the southerly winds originating from the South China Sea after 1977.
[11] Since the ERA40 data are only available after 1958, it is not possible to perform a similar analysis for both the 1925 and 1947 cases. The COADS SLP has a longer record than the ERA40, so the same after-minus-before analysis is applied for all three cases (not shown). The results indicate that the COADS SLP patterns in the North Pacific and the extra-tropical western Pacific for the three cases are similar to Figure 4a , except that the 1947 case has an opposite phase. Because COADS data contains missing values at certain grid points, especially in the tropical regions during the first half of the 20th century, only part of the tropical pattern can be seen by this method in 1925 and 1947 cases.
[12] A correlation method based on the COADS SLP is provided, on the other hand, to obtain useful information concerning the relationship between the large-scale circulation and the spring rainfall. Figure 4c presents the correlation coefficients between the FMA rainfall in Taipei and the available COADS SLP. Similar results were obtained using rainfall data at other stations. The FMA rainfall in northern Taiwan is negatively correlated with the SLP anomalies in the following regions: the North Pacific north of 20°N, the East China Sea from southern Japan to northern Taiwan, and the tropical Southeastern Pacific south of the equator. Conversely, it is positively correlated with the SLP anomalies in the Philippine Sea. The pattern shown in Figure 4c is consistent with the composite shown in Figure 4a . This indicates that the circulation pattern associated with the PDO is also the pattern that affects the FMA rainfall in northern Taiwan.
Conclusions and Discussion
[13] This study demonstrated that decadal fluctuation in the spring rainfall in northern Taiwan occurred concurrently with the PDO. More (less) rainfall springs were characterized by an enhancement (weakening) in the cyclonic/anti-cyclonic circulation pair over the East Asian margin seas and the Philippine Sea. The following discussion provides a possible mechanism to explain the PDO effect on this regional phenomenon.
[14] It has been well -known by Taiwanese long-range weather forecasters that the spring rain in northern Taiwan is positively correlated with the Nino 3.4 index, i.e., more rainfall following the El Niño peak phase and less rainfall following the La Niña peak phase [Jiang et al., 2003] . It is also interesting that the decadal oscillation patterns in the SST and SLP in the Pacific are similar to the patterns when the El Niño/La Niña occurred Wang and Zhang, 2002] . The particular circulations affecting northern Taiwan are the negative and positive SLP anomalies in the East Asian coast and the Philippine Sea, respectively. It has been found that the same cyclonic/ anti-cyclonic anomalous flow had a great impact on the East Asian winter and summer monsoon during El Niño years [Chang et al., 2000a [Chang et al., , 2000b Wang et al., 2000; Hsu et al., 2001] . This anomalous circulation, which can be explained as the Rossby wave response to the SST anomaly in the equatorial Eastern Pacific, once forced can maintain itself for several seasons from winter to summer through local ocean-atmosphere interactions in the Philippine Sea and the continental shelf region [e.g., Lau and Nath, 2000; Wang et al., 2000; Hsu et al., 2001; Wang and Zhang, 2002; Lau and Nath, 2003; Chou, 2004] . Conversely, an anomalous cyclonic circulation occurring in La Niña can maintain itself through the same process. It is likely that the SST anomaly effect on the atmospheric circulation during the El Niño/ La Niña also occurs in the PDO, although the time scales are different.
[15] In the PDO, the SST over the tropical CentralEastern Pacific fluctuates concurrently but in an opposite sign with the SST in the extra-tropical North Pacific. This tropical SST variation could induce a low-level anomalous anti-cyclonic (cyclonic) circulation over the Philippine Sea to create a southwesterly (northeasterly) anomalous flow Figure 3 . Differences between the 21-year mean FMA SST after and before (a) 1977 (1978 -97 minus 1958 -77), (b) 1947 (1948-1967 minus 1928-47), and (c) 1925 (1926 -45 minus 1906 -25) . The t-statistic was computed and the 5% level was stippled. and enhance (weaken) the trough located in the region extending southwestward from southern Japan to northern Taiwan. This effect on the trough in turn affects the spring rainfall variability in northern Taiwan.
[16] For the periods in 1925 -1946 and 1977 -1990s ( shown in a schematic diagram Figure 5a ), the PDO was in the positive phase. The SST in the extra-tropical North Pacific was lower than normal and the Aleutian low was enhanced. In the mean time, the SST over the tropical Central-Eastern Pacific was in a warm decadal phase. The mechanism described above produced an anti-cyclonic anomalous flow over the Philippine Sea, and the trough located to the northwest of Taiwan was enhanced. As a consequence, there was more spring rain in northern Taiwan. For the period of 1947-1976, an opposite situation occurred (Figure 5b ). The PDO was in the negative phase, which resulted in less spring rain in northern Taiwan. 
